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a b s t r a c t
In this report, an RT-PCR approach based on the use of degenerate primers allowed the identiﬁcation of
negeviruses in four different species of mosquitoes (Ochlerotatus caspius, Culex pipiens, Cx. theileri and Cx.
univittatus) collected in southern Portugal. The genomes of two of these viruses, sequenced to full
completion, were shown to encode all the proteins encoded by previously described negeviruses. One of
these viruses induces exuberant cytopathic effect in insect cell culture, with no obvious signs of
apoptosis induction, replicating very rapidly and allowing for the detection of viral genomes in the
infected culture supernatant as soon as 4 h post-infection. This virus was also shown to use a dsRNA
intermediate, which was found to be fully formed and active 3 h after infection. Phylogenetic analysis of
two products encoded by the viral ORF1 placed both viruses among Negev virus cluster, in the recently
proposed Nelorpivirus taxon.
& 2015 Elsevier Inc. All rights reserved.
Introduction
Among insects, mosquitoes are undeniably important to humans in
consequence of their role as vectors for numerous pathogenic viruses,
many of which impact considerably on human and veterinary health.
The majority of these viruses have RNA genomes, and are classiﬁed in
the families Togaviridae (e.g. chikungunya virus, and eastern, western,
and Venezuelan equine encephalitis viruses), Flaviviridae (e.g. yellow
fever, dengue, Japanese encephalitis, and West Nile viruses), Bunyavir-
idae (e.g. Rift Valley fever, La Crosse, and Cache Valley viruses), and
Rhabdoviridae (e.g. vesicular stomatitis virus, Moussa virus, and Culex
tritaeniorhynchus rhabdovirus) (Hubálek et al., 2014).
To the present day, the discovery of viruses associated with
mosquitoes has been skewed, primarily due to the special atten-
tion devoted to the study of those infecting humans and the
animals we depend upon (Junglen and Drosten, 2013). Since next-
generation sequencing (NGS) approaches have not yet been fully
exploited for the unbiased analysis of mosquito viromes, the
characterization of new mosquito-associated viruses has been
based on the ampliﬁcation of their genomes by RT-PCR, frequently
preceded by their isolation in cell culture (Firth and Lipkin, 2013;
Junglen and Drosten, 2013). Despite the limited sensitivity/speci-
ﬁcity these experimental approaches entail, they have allowed the
identiﬁcation and/or characterization of multiple viruses over
time, many of which have been shown to replicate exclusively in
insect cells. Examples include the ﬁrst insect-speciﬁc bunyavirus,
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Gouléako virus (Marklewitz et al., 2011), and alphavirus, Eilat virus
(Nasar et al., 2012), numerous ﬂaviviruses (Cook et al., 2012), and
nidoviruses from Asia, Africa, and Australia (Lauber et al., 2012;
Zirkel et al., 2013; Warrilow et al., 2014), the latter constituting a
new viral family (Mesoniviridae).
The study of new mosquito viruses not only yields important
insights into their diversity, but also allows many molecular proper-
ties to be deduced from their characterization. These include the
detection of similarities with pathogenic viruses, clariﬁcation of
phylogenetic relationships with other viruses and speculations about
their origin, or the deﬁnition of cell tropism, replication strategies,
and potential interactions with other microorganisms co-infecting
their host cells (Canuti and van der Hoek, 2014). This aspect is
particularly relevant in light of recent studies showing that certain
insect-speciﬁc ﬂaviviruses (ISF), namely Palm Creek and Nhumirim
viruses, partially suppress the replication of co-infecting West Nile
and Murray Valley encephalitis viruses (Hobson-Peters et al., 2013),
or West Nile and Saint Louis encephalitis viruses (Kenney et al.,
2014), respectively, despite the high level of genetic divergence
between them.
Over the last years, surveillance for mosquito-borne viruses in
Portugal resulted in the detection of both pathogenic ﬂaviviruses
(Esteves et al., 2005), and ISF (Calzolari et al., 2012; Ferreira et al.,
2013; Parreira et al., 2012). Surprisingly, one of the latter, designated
OCFVPT, was co-isolated from Ochlerotatus caspius along with a
putative new member of the Negevirus group (Ferreira et al., 2013).
These have only recently been shown to form a new taxon of insect-
speciﬁc viral agents with polyadenylated (þ) RNA genomes with
sizes ranging from 9 to 10 kb, limited by untranslated regions (UTR),
and distantly related to plant cileviruses (Vasilakis et al., 2013). The
viral genome accommodates 3 open-reading frames (ORF). A large
one covers most of its extension and seems to encode non-structural
protein(s), while two others, located closer to the 30-end, encode
putative proteins with transmembrane helixes. These seem to
correspond to viral structural components, possibly located at the
viral envelope (Vasilakis et al., 2013; Kuchibhatla et al., 2014).
In this report we (i) describe the host range and genomic
diversity of negeviruses isolated from different species of mosqui-
toes collected in southern Portugal, (ii) analyze the full-length
sequence obtained for two viral isolates, one from Oc. caspius and
the other from Culex univittatus, and (iii) study the replication
kinetics of one of these viruses in cell culture.
Material and methods
Mosquito collection and homogenate preparation
Adult mosquito collections were essentially carried out using
CDC light-traps baited with CO2, placed in different environments
(horse riding schools and barns, dog kennels, cow barns, wetlands/
marshlands, seaside lagoons, and urban wastewater treatment
plants), mainly distributed all across Portugal's southernmost
province (Algarve). Traps were also placed in the localities of
Comporta and Gâmbia, in the Sado river estuary, approximately
50 km southeast of Lisbon. Field collected mosquitoes were kept in
refrigerated boxes (up to 3 days) during ﬁeld trips/transportation,
and immediately stored at 80 1C upon arrival to the lab. Female
mosquitoes were rapidly identiﬁed on a cold table using classiﬁca-
tion keys developed by Ribeiro and Ramos (1999), considering as
recognized European taxa those referred by Ramsdale and Snow
(1999), and quickly separated in pools.
Mosquito homogenates were prepared by mechanical disrup-
tion of adult specimens using glass beads, as previously descri-
bed (Huang et al., 2001), using 1.3 ml of phosphate buffered saline
(PBS) supplemented with 4% of Bovine Serum Albumin
(Fraction V; NZYtech, Lisbon, Portugal). After clariﬁcation of the
mosquito macerates by centrifugation at 13,000 g (4 1C for
10 min), supernatants were kept at 80 1C until further use.
Cell culture, and virus isolation, titration, and puriﬁcation
The C6/36 cell line, established frommacerates of Aedes albopictus
larvae, was used for virus isolation. Cells were maintained at 28 1C
(in the absence of CO2) in Leibovitz's L-15 medium (Lonza, Walkers-
ville, MD, USA) supplemented with 10% (v/v) heat-inactivated fetal
bovine serum (FBS) (Lonza, Walkersville, MD, USA), 2 mM L-gluta-
mine (Gibco BRL, Gaithersburg, MD, USA), 100 U/mL penicillin (Gibco
BRL, Gaithersburg, MD, USA), 100 μg/mL streptomycin (Gibco BRL,
Gaithersburg, MD, USA), and 0.26% (v/v) triptose phosphate broth
(AppliChem GmbH, Darmstadt, Germany).
Aliquots of clariﬁed mosquito homogenates (approximately
500 μl) were sterilized through 0.22 μm disposable PVDF ﬁlters
(Millex-GV, Millipore Corp., Bedford, MA, USA), diluted in an equal
volume of PBS, and used to inoculate subconﬂuent C6/36 cell
monolayers in T25 ﬂasks (Thermo Scientiﬁc Nunc, Roskilde, Den-
mark). After 1 h at room temperature (allowing for viral adsorp-
tion), the inoculum was removed, Leibovitz's L-15 medium
(5% FBS) added, and the cultures incubated at 28 1C for up to a
week. Culture supernatants were collected, after a second or third
blind passage, depending on the magnitude of the cytopathic
effect (CPE) observed, and stored at 80 1C.
Separation of OCFVPT from OCNV (strain 174) (henceforth
designated OCNV; see nomenclature description in the Results
section) was carried out by limiting dilution, starting from a cell
supernatant in which both viruses were present at different titers.
This virus stock was serially-diluted, and each dilution used to
infect C6/36 cells (as previously indicated) up to the point where
the genome of OCNV, but not that of OCFVPT, could still be
detected in the culture supernatant, by RT-PCR, using NegIF/NegIR
and AcFV11F/AcFV21R primer pairs (Ferreira et al., 2013), respec-
tively. For plaque assay titration, monolayers of C6/36 cells were
inoculated with serial dilutions of virus samples in PBS. After
adsorption for 1 h, cells were covered with 2% Sephadexs G-50
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden) in Leibovitz's
L-15 medium with 2% FBS, and incubated at 28 1C for 48 h. Cells
were ﬁxed with 4% formaldehyde in PBS and stained with 0.1%
crystal violet and 1% methanol in PBS, before plaque counting.
Culture supernatants from C6/36 cells harvested 48 h post-
infection (p.i.) with OCNV were clariﬁed by centrifugation at
2000 g for 10 min and the virus was precipitated overnight at
4 1C in the presence of 7% PEG6000 and 2.3% NaCl. The viral
particles were collected by centrifugation (4000 g, 30 min, at
4 1C), resuspended in TEN buffer (50 mM Tris–HCl pH 7.4, 100 mM
NaCl, 1 mM EDTA), loaded onto a discontinuous 20–70% sucrose
gradient, and centrifuged for 1 h at 270,000 g. The virus was
collected from the sucrose interface and subsequently loaded onto
an Amicon Ultra centrifugal ﬁlter (Merck Millipore, Billerica, MA,
USA) with a 100 kDa cutoff, and centrifuged at 4000 g, at 4 1C, for
15 min.
Transmission electron microscopy (TEM)
C6/36 cell cultures were infected with an OCNV (at an m.o.
i410). When CPE became evident (48 h p.i.) the cells were
scraped from the culture ﬂask and prepared for TEM examination.
Infected cells at sequential stages of the replication cycle were
ﬁxed in glutaraldehyde 3% in cacodylate buffer 0.1 M (pH¼7.2)
during 2 h at 4 1C. Fixed cells were embedded in 2% aqueous agar
for further processing. Secondary ﬁxation was carried out in
osmium tetroxide 1% buffered in cacodylate 0.1 M pH¼7.2 for
1 h at room temperature, followed by an additional ﬁxation in 1%
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aqueous uranyl acetate for 1 h in acetate–acetic acid buffer 0.1 M
(pH 5). Specimens were dehydrated in ethanol series (70%, 95%,
100%). After a passage in propylene oxide the specimens were
embedded in epoxy resin (Mixture of Embed 812 and ARALDITE
502, EMS, USA). The resin was polymerized at 60 1C for 48 h. The
samples were sectioned using glass or diamond knifes on an ultra-
microtome (Ultracat-E or Supernova, Leica Microsystems, Austria).
Thin sections (70–90 nm) were picked up on copper grids and
then stained with uranyl acetate and lead citrate, and ﬁnally
examined with a JEOL 1200-EX (Tokyo, Japan) transmission
electron microscope.
Nucleic acid extraction, puriﬁcation, ampliﬁcation, and DNA
sequencing
Viral RNA was extracted from 150 ml of either clariﬁed mosquito
macerate or culture supernatant, using the ZR Viral RNA Kit™ (Zymo
Research, Irvine, CA, USA) according to the manufacturer's recom-
mendations. Reverse transcription of viral RNA was carried out with
the Phusion RT-PCR Kit (Thermo Fisher Scientiﬁc, Waltham, MA,
USA) using random hexaprimers and 5 ml of the RNA extract. The
obtained cDNA served as template for the ampliﬁcation of viral
sequences using Phusion High-Fidelity DNA Polymerase (Thermo
Fisher Scientiﬁc, Waltham, MA, USA) or NZYTaq 2Green Master
Mix (NZYTech, Lisbon, Portugal), and the oligonucleotides listed in
Supplementary Table 1. DNA amplicons were puriﬁed with the DNA
Clean & Concentrator™-5 (Zymo Research, Irvine, CA, USA) and
directly sequenced. The completion of the viral genomic sequence
was carried out by Rapid Ampliﬁcation of cDNA Ends (RACE)
essentially as described by Tillett et al., (2000), with modiﬁcations
suggested by Li et al., (2005). The sequence of the 50-end was
determined after ampliﬁcation of viral cDNA using the DT89/R2
and DT89/R0 primer pairs (Supplementary Table 1) in the 1st and
2nd rounds of PCR, respectively. Similarly, the 30-end of the viral
genome sequence was completed after ampliﬁcation of viral cDNA
using the DT89/F9 (1st round) and DT89/raceF (2nd round) pairs of
primers (Supplementary Table 1).
To study the kinetics of viral RNA synthesis, selective strand-
speciﬁc ampliﬁcation of viral RNA was carried out as previously
described (Plaskon et al., 2009) on C6/36 cells subjected to cold-
synchronized infection. Virus adsorption was allowed to occur at
4 1C for 1 h (m.o.i410), was followed by thorough wash of cell
monolayers with cold PBS, before shifting to 28 1C for viral
replication to occur. Tagged-primers were used to decrease the
chances of false-priming of RNA during RT reactions, which may
occur in the absence of any speciﬁc oligonucleotide (Peyreﬁtte
et al., 2003). These primers, to which a 21-nucleotide (nt.) 50-tag
(GGCCGTCATGGTGGCGAATAA) with no known homology to nege-
virus sequences was added, are listed in Supplementary Table 1.
The detection of either the (þ) or () viral strands involved the
preparation of strand-speciﬁc cDNA using the tagF174 ( strand)
or tagR174 (þ strand) primers, followed by 35 cycles of conven-
tional PCR ampliﬁcation (94 1C, 30 s; 57 1C, 30 s; 72 1C, 45 s) using
the Tag/R174 (þ strand) and Tag/F174 ( strand) primer pairs.
Alternatively, PCR reactions were carried out in real-time format in
a Rotor-Gene 3000 thermocycler (Corbett Research, St. Neots, UK),
in reaction volumes of 25 μl, using the Maxima SYBR Green qPCR
Master Mix (2X) (Thermo Fisher Scientiﬁc, Waltham, MA, USA)
and 400 nM of each primer, allowing for the detection of amplicon
synthesis as a function of ﬂuorescence emission by DNA-bound
SYBR Green I. Positive ampliﬁcation results were deﬁned as those
for which ﬂuorescence intensity increased exponentially over, at
least, ﬁve consecutive cycles, with a cycle threshold (Ct)o30.
The screening of putative Negevirus genomes in RNA extracts
prepared from mosquito macerates was carried using three sets of
primers. LorFout/LorRout (1st round) and LorF/LorR (2nd round)
were used for the detection of Loreto-like viruses, NegFn/NegRn
(1st round) and NegF2n/NegRn (2nd round) were used for the
detection of Negev/Piura/Ngewotan-like viruses, while DenzF/DenzR
(1st round) and DenzF/DenzinR (2nd round) were used for the
detection of Dezidougou/Santana-like viruses (Supplementary
Table 1). The ampliﬁcation conditions included 35 standard PCR
cycles (in both the 1st and 2nd rounds) using 50 1C or 55 1C as the
annealing temperatures.
Nucleotide and amino acid sequence analyses
The DNA sequences of OCNV and CUNV730 (henceforth desig-
nated CUNV; for nomenclature, see Results) were each assembled
to generate single contigs, using the CAP Contig Manager tool
available in BioEdit 7.0.9.0. (Hall, 1999), corresponding to full-
length genomic sequences. Nucleotide and amino acid (a.a.)
similarity searches were carried out through the NCBI web server
using BLASTn and BLASTx (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Multiple alignments of a.a. sequences were performed using the
iterative FFT-NS-2 algorithm as implemented in MAFFT vs. 7 (Katoh
and Standley, 2013). Editing of the alignments was done using the
GUIDANCE guide-tree based alignment conﬁdence (Penn et al., 2010),
selecting columns with conﬁdence levels above 0.9. The best ﬁtting
evolutionary model was deﬁned using the ProtTest (Darriba et al.,
2011) based on the AIC selection criterion. Finally, bayesian phyloge-
netic trees were build using BEASTv1.7.5 (Drummond et al., 2012),
the evolutionary model selected by ProtTest or the closest one that
was available in BEAST (WAGþΓþ I for helicase and JTT for RNA
polymerase). A strict molecular clock and a piecewise constant
bayesian skyline plot population demographic model was assumed
with six groups. The analysis was run for 50 million generations, and
the ﬁrst 10% were discarded. Tracer was used to guarantee that the
MCMC run reached convergence, by analyzing the posterior distribu-
tion of each parameter, and by conﬁrming that all ESS values were
above 100. Alternatively, phylogenies were reconstructed on the
basis of nt. sequence alignments (codon alignment was maintained)
produced with MAFFT vs. 7 with default parameters. Corrected
genetic distance matrixes were constructed using the K2-P model
(Kimura, 1980) and the Mega 6.0 software (Tamura et al., 2013). The
phylogenetic trees were manipulated for display using FigTree v.1.4.2.
(available at http://tree.bio.ed.ac.uk/software/ﬁgtree/).
Alignments of the putative products encoded by Negev-like
viruses also served as the basis for the calculation of Shannon
entropy (H), a quantitative measure of uncertainty in a data set
(using Shannon Entropy-One tool, available at http://www.hiv.lanl.
gov/content/sequence/ENTROPY/entropy_one.html). The average
values of the ratio of synonymous to non-synonymous substitu-
tions (dS/dN) and their distribution along the coding sequence
were calculated with SNAP v2.1.1 (http://www.hiv.lanl.gov/con
tent/sequence/SNAP/SNAP.html) using alignments of nucleotide
sequences (alignments of codons was maintained) of the genomic
sequences of viruses Negev (strain M33056; JQ675609), Negev
(strain M30957; JQ675608), Negev (strain EO-329; JQ675605),
OCVN (strain 174; HF913429) and CUNV (strain 730; AB935183).
Protein motifs were identiﬁed by running Pfam and PROSITE
protein proﬁle (using the MOTIF Search tool at http://www.genome.
jp/tools/motif/) and conserved domain searches were carried out with
the Web CD-Search Tool (available at http://www.ncbi.nlm.nih.gov/
Structure/bwrpsb/bwrpsb.cgi). Transmembrane helices (i. transmem-
brane domains/TMD) in protein sequences were predicted with
MEMSAT3 & MEMSAT-SVM via PsiPred (http://bioinf.cs.ucl.ac.uk/
psipred/), MemBrain (http://www.csbio.sjtu.edu.cn/bioinf/MemBrain/
), TMHMM Server v.2.0. (http://www.cbs.dtu.dk/services/TMHMM-2.
0/), HMMTOP v.2.0 (http://www.enzim.hu/hmmtop/html/submit.
html) and Phobius (http://phobius.sbc.su.se/). Potential eukaryotic
protein phosphorylation sites were predicted with NetPhos 2.0
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(http://www.cbs.dtu.dk/services/NetPhos/), putative sumoylation sites
were predicted with the SUMOplot™ analysis program (http://www.
abgent.com/sumoplot), while potential N-glycosylation sites were
identiﬁed with NetNGlyc (http://www.cbs.dtu.dk/services/NetNGlyc/
). Potential nuclear localization signals (NLS) were tentatively identi-
ﬁed with PredictProtein (available at http://www.predictprotein.org),
NucPred (http://www.sbc.su.se/maccallr/nucpred/), and NLSmap-
per (http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi).
The presence and location of signal peptide cleavage sites in amino
acid sequences were predicted with SignalP 4.1 (http://www.cbs.dtu.
dk/services/SignalP/). The subcellular localization of proteins was
predicted with PSORTII (http://www.psort.org/). Protein secondary
structure analyses were carried out using the consensus secondary
structure prediction tool available at http://pbil.univ-lyon1.fr. Internal
ribosome entry sites (IRES) were tentatively identiﬁed using the Viral
IRES Prediction System (http://140.135.61.250/vips/), combined with
CYLOFOLD (http://cylofold.abcc.ncifcrf.gov/cylofold-0.1/sequenceJob/
create) for RNA secondary structure prediction with pseudoknots.
Amino acid residues possibly implicated in RNA binding were
tentatively identiﬁed with RNABindR v2.0. (http://einstein.cs.iastate.
edu/RNABindR/), RNABindRPlus (http://einstein.cs.iastate.edu/RNA
BindRPlus/), and SPOT-Seq-RNA (http://sparks-lab.org/yueyang/ser
ver/SPOT-Seq-RNA/).
Detection of apoptosis in C6/36 infected and non-infected cells
To analyze nucleosome cleavage, total DNA was extracted from
pellets of C6/36 cells resuspended in 500 μl of lysis buffer (10 mM
Tris pH 8.0, 100 mM EDTA, 0.5% (v/v) SDS), and placed at 60 1C for
5 min. Cell lysates were treated with proteinase K (100 μg/ml) for
1 h at 60 1C, followed by extraction with an equal volume of a
25:24:1 mixture of phenol:chloroform:isoamyl alcohol. Nucleic
acids were precipitated with ethanol in the presence of 1/10
volume of 3 M sodium acetate and 1 μl of glycogen (20 mg/ml),
collected by centrifugation (30 s at 15,700 g), washed with 70%
ethanol, and ﬁnally resuspended in 50 μl of TE (10 mM Tris pH 8.0,
1 mM EDTA) supplemented with RNase A (50 μg/ml).
Apoptosis was further analyzed at the single cell level on the
basis of terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) of DNA double-strand breaks using the In Situ
Cell Death Detection Kit, Fluorescein (Roche Diagnostics, Man-
nheim, Germany, GmbH), as described by the supplier. The
monolayers of insect cells were observed by epiﬂuorescence
microscopy (Nikon Eclipse 80i) using FluoroshieldTM mounting
media (Sigma-Aldrich, Steinheim, Germany).
Nucleotide sequence accession numbers
The near full-length genomic sequences of the OCNV (strain 174)
and CUNV (strain 730) have been deposited in the GenBank/EMBL/
DDBJ databases under accession numbers HF913429, and AB935183,
respectively. Additionally, the partial ORF1-ORF2 sequences also
analyzed have been assigned accession numbers LC011533-
LC011540.
Results
Ultrastructure changes associated with the replication of OCNV in C6/
36 cells
In a previous report, we showed that when C6/36 cells were
exposed to a culture supernatant containing an ISF (OCFVPT) and a
new negevirus, co-isolated from a macerate of female Oc. caspius
mosquitoes, a profuse cytopathic effect became evident (Ferreira
et al., 2013). At the subcellular level, nuclear hyperplasy with a
clear separation of the two leaﬂets of the nuclear envelope and
enlargement of its intracisternal space, apparently ﬁlled-up with
numerous, heterogeneously sized vesicles, and tubular structures
of unknown origin and composition, were observed. Although
some of these subcellular structural modiﬁcations were compa-
tible with morphological changes caused by the replication of
ﬂaviviruses (Welsch et al., 2009), the observed effects seemed
notably excessive, especially when taking into account the close
phylogenetic relatedness between OCFVPT and Hanko virus
(HANKV), an ISF previously described as being non-cytopathic
(Huhtamo et al., 2012).
Moreover, the ultrastructure changes described above were
rather compatible to those associated with the replication of some
types of negeviruses in insect cells (Vasilakis et al., 2013). To verify
this hypothesis, the two co-isolated viruses were separated by
limiting dilution of the original virus stock and infection of C6/36
cells. Five days p.i., total RNA was extracted from the culture
supernatant, and the presence of both viral genomes tested by RT-
PCR. At the highest dilutions, we were able to detect negevirus
genomic RNA but not that of OCFVPT, indicating that a pure viral
stock containing only the former had been obtained. The puriﬁed
negevirus was designated OCNV, from Ochlerotatus caspius nege-
virus after its host of origin. A pure viral stock was produced and
subsequently used to infect C6/36 cells, in which the development
of CPE was followed by optical microscopy, and the virus could be
titrated using a conventional plaque assay. Additionally, at 48 h
after infection, C6/36 cells were collected and processed for TEM.
When compared with the negative controls (Fig. 1A), C6/36
infected cultures revealed evident CPE (Fig. 1B), characterized by
cell growth retardation, rounding, detachment from the solid
surface and clumping. This could already be observed as soon as
24 h after infection, but increased in severity with time (data not
shown). When virus diffusion was restricted by the addition of
Sephadexs G-50, plaques of 1–2 mm in diameter were formed on
the infected cell monolayers (Fig. 1C), allowing titration of viral
suspensions.
Electron microscopy analysis of thin sections of control and
infected cells, at 48 h p.i., revealed nuclear hyperplasy and an
enlargement of the intracisternal space of the nuclear envelope in
the latter (see Fig. 1D and E for comparison), where an apparent
accumulation of multiple vesicles and tubular structures were
detected (Fig. 1E), as previously described (Ferreira et al., 2013). In
some cells, the profusion of tubular formations was less evident
(Fig. 1F) but in this case spherule-like structures, with estimated
sizes ranging from 20 to 30 nm, were seen distributed either along
tubules (Fig. 1G) or in association with larger vesicles (Fig. 1H).
Whether these spherules correspond to assembly intermediates of
viral particles, or to viral RNA replication complexes, remains to be
elucidated.
Vacuolization could be observed in many infected cells (not
shown), but no other evident signs of apoptosis were detected at
48 h p.i. At this time, the effects of viral dispersion throughout the
culture were clearly obvious (Fig. 1B), but the overwhelming
majority of the cells still excluded trypan blue, suggesting that
membrane integrity had not been compromised (data not shown).
Furthermore, comparative analysis of total DNA extracted from
infected and non-infected cells did not reveal evident signs of
internucleosomal cleavage, the typical DNA degradation pattern
seen in apoptotic cells. Some DNA cleavage was, indeed, observed
very late in infection, but it was insigniﬁcant when compared to
the amount of intact genomic DNA (Supplementary Figure 1A),
and did not correlate with viral replication, which occurred rapidly
and soon after infection (see following section). These results were
conﬁrmed by TUNEL analysis of virus infected and non-infected
cells (Supplementary Figure 1B). The obtained results again con-
ﬁrmed that, in infected cells, an increase of the number of
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apoptotic nuclei from that observed up to 48 h p.i. was indeed
observed at later times. However, this number was considerably
lower than that observed in the positive control, again suggesting
that negeviruses do not induce overt apoptosis of infected cells at
early infection times.
OCNV replication in C6/36 cells
A previous analysis of the replication of the prototype Nege-
virus strain (Negev EO-239) on different insect cell lines indicated
an abrupt rise in the extracellular viral titers shortly after infection,
especially when Ae. albopictus or Cx. tarsalis cells were used
(Vasilakis et al., 2013). In these cell lines, the viral titers at 12 h
p.i. were approximately the same as those at later time points,
suggesting that the viral concentration in the culture supernatant
had stabilized rapidly. Since virus titers were not described at
earlier time points, we decided to infect C6/36 cells with OCNV
and follow its replication using tagged-primers that allow selective
detection of intracellular (þ) and () viral RNA strands (assuming
that the virus replicates using a dsRNA intermediate). Concomi-
tantly, the presence of viral genomes in the supernatant of infected
cultures was monitored using the NegF0/R0 pair of primers
(Supplementary Table 1), and RNA extracts reverse-transcribed
with random hexamers.
Under the experimental conditions used, OCNV was shown to
replicate very rapidly in C6/36 cells. Given the (þ) polarity of the
viral genome, (þ) strands could be detected from time 0 h after
infection (infecting genomes), with an evident increase in their
concentration starting at 3 h p.i., as suggested by conventional PCR
ampliﬁcation results (Fig. 2A). This increase in the quantity of (þ)
strands paralleled the detection of () strands 3 h p.i. (Fig. 2B), a
time at which the viral genome replication complex seemed to be
fully formed and active. The events associated with the translation
of viral proteins, and the morphogenesis of new virions, also
seemed to occur rapidly, as viral genomes could already be
Fig. 2. Speciﬁc detection of the two strands of the viral dsRNA replicative intermediate formed in C6/36 cells after infection with OCNV. From 0 to 12 h p.i., RT-PCR was used
for strand-speciﬁc detection of (þ) strands (A) or () strands (B) inside insect cells (amplicon of approximately 600 nt), as well as genomic RNA in the culture supernatant
(C) (amplicon of 550 nt). In A–C, C- indicates control non-infected C6/36 cells. (D) Real-time PCR quantiﬁcation of the (þ) and () strands of the viral dsRNA intermediate as
a function of time (h). The Y axis represents 1/Ct (cycle threshold). The values represent the average of three independent experiments (standard deviations were o0.7).
Fig. 1. Replication of OCNV (strain 174) in C6/36 insect cells. Phase contrast photomicrographs of mock-infected (A) and infected (B) cells at 48 h p.i. (200). Plaques formed
by OCNV (strain 174) on monolayers of C6/36 cells, 48 h p.i. (C). Transmission electron micrographs of thin sections of either mock-infected (D) or OCNV (strain 174) infected
(E–H) cells at 48 h p.i. Nuclear (Nuc) enlargement was accompanied by a separation of the two leaﬂets of the nuclear envelope (E, F), where tubular structures (tub) are
frequently observed (E). Note the enlarged intracisternal space of the nuclear envelope (the two leaﬂets are indicated by converging, ﬁlled-arrows) ﬁlled with vesicles (Ves)
(F). Tubular (tub) and spherule (Spher) structures apparently associated with these vesicles (F) are shown in detail as n and nn (for ampliﬁcation, see G and H, respectively).
On G and H, spherules are indicated by dotted arrows. Mit (mitochondria) are indicated by open arrows.
S. Carapeta et al. / Virology 483 (2015) 318–328322
detected in culture supernatants at 4 h p.i. (Fig. 2C). When the
intracellular strand-speciﬁc detection of viral genomic strands was
carried out by real-time PCR, a sharp rise in the amount of both
() and (þ) strands was detected between 2 and 3 h p.i., but
while the amount of () strands remained stable thereafter, an
increase of (þ) strands went on though at a lower rate (Fig. 2D).
Concomitant with the analysis of viral RNA replication kinetics
in infected cells, the early development of the ultrastructural
changes observed in C6/36 cells infected with OCNV was tenta-
tively followed by TEM. In contrast to what became evident as the
most characteristic CPE associated with the replication of OCNV
late in infection (the distention of the nuclear envelope, in which
multiple vesicles seem to accumulate), up to 2 h p.i. no obvious
ultrastructure changes could be associated with viral replication,
as infected cells looked very much like non-infected ones (not
shown). However, at 4 h p.i. (Fig. 3A and B) multiple single-
membrane vesicles could be detected in close association with
endoplasmic reticulum (ER) cisternae and Golgi stacks. Whether
some of these correspond to viral particles in formation remains to
be established in future analyses, but the size of those in Fig. 3A is
compatible with the previously determined negevirus virion size,
with diameters ranging from 45–55 nm, as indicated by Vasilakis
et al. (2013). The abundance of single-membrane vesicles
increased at 8 h p.i. (Fig. 3C), when infected cells displayed many
vesicles/vacuoles with heterogeneous size and content (Fig. 3D). At
this time, the distention of the nuclear envelope could not yet be
observed in the majority of the cells.
Distribution of negeviruses in different species of mosquitoes
When negeviruses were ﬁrst reported (Vasilakis et al., 2013),
they were not only shown to have a wide geographic distribution,
but also appeared to be present in a broad range of hematopha-
gous insects that included Lutzomyia sandﬂies, as well as Culex,
Anopheles, and Aedes mosquitoes. Additionally, previous data from
our laboratory showed that negeviruses were present in several
pools of Oc. caspius collected in southern Portugal (Ferreira et al.,
2013). This prompted us to verify which would be the apparent
natural host range of these viruses among the natural population
of mosquitoes in the south of the country. For this, we analyzed a
total of 2568 mosquitoes collected in the summers of 2009 and
2010, distributed in 56 pools, and covering 9 species of mosquitoes
(Supplementary data 2).
Due to the high genetic variability associated with negeviruses,
degenerate primers (Supplementary Table 1) were used for the
detection of viral genomes by RT-PCR. These primers were designed
on the basis of alignments of multiple viral genomic sequences that
comprised the three main phylogenetic taxon clusters (Vasilakis
et al., 2013). One of these included Loreto virus sequences (n¼3;
JQ675610, JQ675611, JQ675612), the other the Dezidougou (n¼1;
JQ675604) and Santana (n¼1; JQ675606) viral genomes, while the
third consisted of the genomic sequences of Negev (n¼3; JQ675605,
JQ675608, JQ675609), Ngewotan (n¼1; JQ686833), and Piura (n¼1;
JQ675607) viruses. Using the primer and reaction conditions
described in Material and Methods (Section Nucleic acid extraction,
puriﬁcation, ampliﬁcation, and DNA sequencing), we obtained multiple,
and abundant, ampliﬁcation products only when the NegFn/NegRn
and NegF2n/NegRn primer pairs were used, suggesting that Negev
and/or Ngewotan and/or Piura RNA, or similar, would be present in
the RNA extracts obtained from mosquito macerates. Furthermore,
these ampliﬁcation products were only associated with four species
of mosquitoes: Oc. caspius, Cx. pipiens, Cx. theileri and Cx. univittatus.
Besides OCNV strain 174, previously isolated in our laboratory, we
successfully isolated nine additional negevirus strains using C6/36
cells: ﬁve from Oc. caspius (strains 183, 207, 350, 390, and 539), two
from Cx. pipiens (strains 204 and 292), one from Cx. theileri (strain
392) and one from Cx. univittatus (strain 730; CUNV designated after
Cx. univittatus negevirus). A preliminary phylogenetic analysis of the
viral sequences ampliﬁed from each of these viruses (along with
that of OCNV) using the NeginF/NeginR (Ferreira et al., 2013;
Supplementary Table 1) primer pair revealed that they all share
common ancestry with previously described Negev-like viruses, with
CUNV (designated after Cx. univittatus negevirus) segregating away
from all the other new viral sequences (Fig. 4). For this reason, OCNV
and CUNV were chosen as representatives of each of these phyloge-
netic clusters and their genomic sequences determined to full
completion.
Characterization of the OCNV and CUNV encoded proteins
The genomic sequences of both OCNV (9529 nt.) and CUNV
(9545 nt.) were determined to full completion based on the seq-
uence determination of overlapping genomic segments, ampliﬁed
by RT-PCR using multiple primer combinations (Supplementary
Table 1) and RACE. Both viral genomes presented 50/30–UTR of
231 nt/282 nt (OCNV) and 232 nt/296 nt (CUNV), and a polyadely-
lated 30-tail with variable size (at least 27 nt for OCNV and 41 nt for
CUNV). The two viral genomes shared 88.7% of sequence identity at
the nucleotide level, and both were found to have 3 ORF. As
expected for negeviruses, ORF1, located at the 50 side of the genome,
encoded a putative polyprotein with 2368 a.a. residues, character-
ized by the presence of several protein domains. Altogether, the
ORF1 of both viruses shared 96.7% of a.a sequence identity, and very
low values of Shannon entropy (Hr1). At the N-terminus, two
protein domains apparently endow ORF1 with methyltransferase
activity, possibly involved in viral RNA capping. One of these
Fig. 3. Electron microscopy analysis of thin sections of C6/36 infected cells at 4 h (A and B) or 8 h p.i. (C and D) with OCNV. Multiple small vesicular structures are seen in
association with ER cisternae (A–C) and/or Golgi stacks (B and C). Larger vesicles with apparent heterogeneous sizes and contents are also scattered in the cytoplasm of C6/36
cells 8 h p.i. (D). ER: Endoplasmic reticulum; Golgi: Golgi stacks; MVB: multi-vesicular bodies; Nuc: Nucleus; Ves: vesicles.
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domains, characteristic of the vmethyltransf superfamily
(pfam01660), and found in hordei-, tobra-, tobamo-, bromo-,
clostero- and caliciviruses, is located between residues 110-462.
This is followed (residues 837-1024) by an FtsJ-like methyltransfer-
ase domain (pfam01728), frequently found in various bacteria and
archaea, but also present at the N-terminus of the NS5 protein of
ﬂaviviruses, endowing it with methyltransferase activity. Between
residues 1394-1656, ORF1 shows a viral (Superfamily 1) RNA heli-
case domain (pfam01443), also associated with NTPase activity,
while between residues 1934–2324, an RNA dependent RNA poly-
merase domain (RdRp_2; pfam00978), similar to those detected in
the RNA polymerases of bromo-, tobamo- and togaviruses, was
found (Fig. 5A). Multiple putative serine, threonine and tyrosine
phosphorylation sites were detected over the a.a. sequence encoded
by ORF1. The protein does not seem to be heavily glycosylated, and
a single highly probable N-glycosylation site (317NDSQ320) was
predicted. Additionally, highly probable sumoylation sites were
mostly identiﬁed in the middle of ORF1, mostly in the FtsJ and
helicase domains.
On the other hand, the products encoded by ORF2 (400 a.a.)
and ORF3 (208 a.a.) are supposedly glycosylated proteins, with
four highly probable N-glycosylation sequences predicted in ORF2
(80NCSE83, 117NISF120, 253NLTR256, and 314NVSK317), and two in
ORF3 (40NRSN44, and 204NSTS207), associated with the viral envel-
ope. When compared against each other, ORF2 and ORF3 of the
two viruses share high sequence identity (94.5% and 93.7% a.a.
sequence identity, respectively), low sequence variability (Ho0.7),
and similar structure. ORF2 is predicted to have a signal peptide
(residues 1–16) at its N-terminus (detected with MemBrain,
Phobius, and SignalP), a highly positively charged N-terminus,
and two TMDs (Fig. 5B), as detected by the tools used. This protein
is predicted to display a NoutCin orientation, with its N-terminus
possibly assuming a conformation that may be dictated by the
formation of disulﬁde bonds between the multiple (n¼6) cysteine
residues located between positions 1 and 101, out of the 12
found distributed along its sequence, as previously suggested by
Kuchibhatla et al (2014).
None of the viral proteins was suggested to locate in the
nucleus (as expected for most RNA viruses), although putative
NLS were predicted to occur in ORF1 polyprotein of both viruses in
between the FtsJ and RNA helicase domains (1128GPKRDYVAEL1137
for OCNV and 1128GPKRDFVAEL1137 for CUNV, as suggested by
NLSmapper, or 1194KKPK1197 and 2243KRKPK2247, as predicted with
PSORTII). The majority of the a.a. residues potentially involved in
RNA binding was predicted to locate in the helicase and RdRp
domains, as expected, or in between them. Curiously, multiple
putative RNA-binding a.a. residues were predicted to locate at the
N-terminus of ORF3 encoded protein, between positions 1 and 43.
In combination with its predicted NinCout topology, and its
probable location at the viral envelope, the protein's basic N-
terminus would allow it to bind RNA, and possibly play a direct
role in genome packaging during morphogenesis. This protein,
whose homologs seem to be encoded by all known negeviruses, as
well as cile-, higre- and blunerviruses (Kuchibhatla et al., 2014), is
predicted to have at least three TMDs (involving residues located
around positions 64-84, 135-157, and 170-192), with an additional
Fig. 4. Molecular analysis of partial ORF1 (RdRp sequences) ampliﬁed from genomic RNA of OCNV and nine other viral strains isolated from mosquitoes during this work.
The phylogenetic tree (Neighbor-Joining) was constructed using genetic distances corrected with the Kimura 2-parameter formula, based on multiple alignments of
nucleotide sequences (all codon positions were used). The scale bar indicates 0.1% of genetic diversity. Viral sequences are indicated (when available) by name, strain
designation, and accession number.
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one (suggested to involve residues 110–125) being predicted by
PsiPred and MemBrain (Fig. 5C).
The analysis of selective pressure as a function of the average
value of dS/dN for ORF1-3 and its distribution along the coding
sequence of OCNV came up with very high (410) values: ORF1-dS/
dN¼42.4, ORF2-dS/dN¼16.5, and ORF3-dS/dN¼10.1, indicating that,
overall, the sequences encoding these proteins are under negative
(purifying) selection. However, while for ORF1 and ORF2 the values
of dS always surpassed those of dN (Fig. 5A and B), in ORF3 the dN
values exceeded those of dS in the N-terminal 56 a.a. residues (dS/
dNo1), again with a local decline in dN close to the protein's C-
terminus (dS/dNE0.8; Fig. 5C), opening the possibility that these
regions of the coding sequence of ORF3 might be under positive
(diversifying) selection.
Multiple hairpin structures were predicted in both of UTRs (not
shown), especially in the 50-UTR, where an IRES structure has been
suggested to form, allowing for cap-independent translation of the
viral RNA (Gorchakov et al., 2014). Curiously, sequence analysis with
IRES/pseudoknot prediction tools suggested that another one of such
structures may exist upstream of the viral helicase coding sequence
(between positions 4145 and 4380), which could participate in the
differential expression of the 30-half of ORF1 and/or ORF2 and/
or ORF3.
Phylogenetic analysis of OCNV and CUNV encoded helicase and RNA
polymerase (RdRp) domains in ORF1
Negeviruses seem to group very diverse viral species with
polyadenylated (þ) RNA genomes, sharing common ancestry and
genomic organization (Vasilakis et al., 2013). Although they do not
share overall sequence homology with other known viruses, at least
two of the conserved domains in ORF1 (helicase and RdRp) allow for
stable phylogenies to be reconstructed (Vasilakis et al., 2013; Kallies
et al., 2014), and indicate a shared evolutionary history with plant
cile-, higre-, and blunerviruses. Given the high nt. sequence diver-
gence when all these viruses are compared, phylogenetic inference
analyses were carried out on the basis of multiple alignments of the
putative a.a. sequence of the viral helicase (Fig. 6A) and RdRp
(Fig. 6B) domains in ORF1. Even though the datasets used did not
exactly match in both cases (in terms of the sequences compared),
the overall topology of the trees revealed general congruence in a
number of aspects.
In both phylogenetic trees, the common ancestry shared by Piura,
Ngewotan, Negev, and Loreto viruses, including our OCNV and CUNV,
was evident, backing up the tentative designation of this clade as
Nelorpivirus (Kallies et al., 2014). Despite the genetic distances
involved, this clade was found to be more closely related to plant
cileviruses (Fig. 6A and B) and higreviruses (Fig. 6B) than to the
Santana/Wallerﬁeld/Dezidougou group, the latter forming a second
cluster of Negev-like viruses, tentatively designated Sandewavirus
(Kallies et al., 2014). When the sequences of genetically distant RdRp
domains of plant viruses (including tobamoviruses, such as the
cactus mild mottle and the rattail cactus necrosis-associated viruses),
and endogenous viral elements (EVE) found in the genomes of Aedes
aegypti, Drosophila rhopaloa, and Bombus terrestris, were included in
the analysis (Fig. 6B), the common ancestry of nelorpiviruses and
sandewaviruses was highlighted, again with the former sharing
closer phylogenetic relations with plant cile- and higreviruses (or
even with the EVE found in Ae. aegypti mosquitoes), than with
sandewaviruses.
Fig. 5. Variation of the dS (lozenges; upper series) and dN (squares; lower series) rates (Y axis) across the OCNV ORF1 (A), ORF2 (B), and ORF3 (C) sequences (X axis). The
values indicated correspond to the average for each 200 nt (A), 41 nt. (B) or 21 nt. (C) window moving with steps of 80 nt. (A), 40 nt. (B), or 10 nt. (C) across the OCNV ORFs.
The rectangles in (A) indicate the approximate boundaries of protein domains identiﬁed during the study, whereas those in (B) and (C) indicate the position of helices
suggested to correspond to as signal peptide (SP) or transmembrane domains (TMD). The aminoacids (as well as their relative position in the protein sequence) that limit
each domain/SP/TMD and the N- and C-termini are also indicated. Nglyc marks the approximate position of putative N-glycosylation sequences.
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Discussion
In recent times, the number of studies that reported the
detection, isolation and genetic characterization of viruses asso-
ciated with mosquitoes has been growing steadily, departing from
a former tendency to only characterize mosquito viruses with a
negative impact on human and animal health. Not surprisingly, it
has become apparent that pathogenic viruses most probably
represent only a small fraction of those circulating in nature.
Systematic studies exploring complex viromes using the unbiased
analytic potential of NGS technologies have not yet been fully put
to service for the analysis of mosquito-associated viruses directly
identiﬁed in ﬁeld caught specimens (Junglen and Drosten, 2013).
This is certainly due to the costs associated with the production of
a sufﬁcient number of reads required for de novo assembly of
unknown viral sequences in complex mixtures. Although the
potential of NGS has been clearly demonstrated for the rapid
characterization of new mosquito viruses once isolated in cell
culture (Nasar et al., 2012; Vasilakis et al., 2013; Kallies et al.,
2014), virus detection based on conventional RT-PCR is still used
on a regular basis in most laboratory settings, and such an
approach has allowed us to recently identify ISF from different
species of mosquitoes collected in southern Portugal (Parreira et
al., 2012; Ferreira et al., 2013). Unexpectedly, the exuberant CPE
observed when C6/36 cells were exposed to a macerate of Oc.
caspius mosquitoes, previously known to contain an apparently
non-cytopathic ISF (OCFVPT), led to the characterization of a new
negevirus from the same mosquito macerate, which was tenta-
tively named OCNV.
In this study, we conﬁrm the previous assumption that most of the
CPE observed in C6/36 cells exposed to both OCFVPT and OCNV was
due to the replication of the latter. Both viruses were separated by
limiting dilution, and the infection of C6/36 cells with OCNV again
revealed nuclear hyperplasy, and an obvious separation of the two
leaﬂets of the nuclear envelope, where multiple vesicles, spherule-like
structures, and ﬁbrils of unknown origin and composition were
suggested to accumulate (Fig. 1). Curiously, while these CPE were
clearly evident at 48 h p.i., analysis of thin sections of C6/36 cells up to
8 h p.i. did not reveal evident ultrastructure changes, other than the
accumulation of small vesicles in associationwith the ER and the Golgi
complex (Fig. 3). Furthermore, although viral replication occurred
rapidly in these cells, as previously suggested (Vasilakis et al., 2013;
Gorchakov et al., 2014), the induction of apoptosis did not seem to be
a direct consequence of viral replication. Its effects were only margin-
ally detected 72 h p.i., as indicated by the small amounts of cellular
DNA degradation products detected (Supplementary Figure 1A),
which most probably result from internucleosomal cleavage of
genomic DNA by nucleases. These results were further conﬁrmed
using TUNEL analysis of virus infected/non-infected cells. The obtained
results again showed that an increase in the number of apoptotic
nuclei in virus infected cells only occurs close to 72 h p.i. That this
number is considerably lower to that of the positive test control
(Supplementary Figure 1B) suggests that negeviruses do not induce
massive early cell death by apoptosis.
As typically associated with the replication of viruses with (þ) RNA
genomes (den Boon and Ahlquist, 2010; Paul and Bartenschlager,
2013), negeviruses induce considerable modiﬁcations to the endo-
membrane compartment of their host cells. These include the
apparent recruitment of membrane vesicles of unknown origin to
the perinuclear vicinity, with TEM analyses suggesting they remain
associated with the nuclear envelope at late times of infection.
However, despite the rapid replication of negeviruses in insect cells,
the observed ultrastructural changes were not clearly noticeable at
very early infection times. Their relation to the distribution of active
replication complexes and morphogenesis sites, as well as the
mechanism and proteins involved in their biogenesis remain to be
established.
Under the experimental conditions used, the synchronous
infection of C6/36 cells with OCNV allowed the detection of viral
genomes in the culture supernatant as soon as 4 h p.i. (Fig. 2C).
Since negeviruses are (þ)-stranded RNA viruses, it is expected
they should replicate using a dsRNA intermediate, which could be
selectively identiﬁed using an RT-PCR strategy where tagged-
primers allow for the discriminatory detection of ()-stranded
RNA chains. Although (þ)-sense viral RNA could be detected from
the beginning of the infection (input viral genomes), its amount
seemed to increase between 2 and 3 h p.i., at the same moment
that a dsRNA replicative intermediate was found functional, as
Fig. 6. Bayesian phylogenetic analysis of multiple sequence alignments of the amino acid sequences of the helicase (A), and RdRp (B) domains identiﬁed in the ORF1 of
negeviruses or their homologs in several plant viruses and endogenous viral elements. Posterior probability values Z0.77 are indicated at speciﬁc branches. The size bar
indicates 20% of genetic distance. The branches that deﬁne the tentative Nelorpivirus and Sandewavirus taxa [as suggested by Kallies et al. (2014)] are indicated by ﬁlled-
arrows. The viral sequences determined in the course of this work are highlighted in bold-face, and indicated by an open arrow. CILV-C: Cytoplasmic citrus leprosis virus C
(cytoplasmic type); CMMoV: Cactus mild mottle virus; CUNV: Culex univittatus negevirus; OCNV: Ochlerotatus caspius negevirus; HGSV: Hibiscus green spot virus; RCNaV:
Rattail cactus necrosis associated virus; EVE: Endogenous viral element. All the other viral sequences indicated in the phylogenetic trees correspond to negevirus genomes
previously described by Vasilakis et al. (2013).
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revealed by the detection of its ()-strand component (Fig. 2A,
B and D).
The analysis of the full-length genomes of both OCNV and CUNV,
and the putative proteins they encode, revealed a genomic organiza-
tion expected for negeviruses, with ORF1 encoding a non-structural
polyprotein with at least four protein domains, and two possible
structural components (ORF2-3), most probably associated with the
viral envelope. All these proteins are highly conserved, and seemed
to be mostly under purifying selection (Fig. 5) within the Negev-like
virus group. They were also predicted to have a cytoplasmic
localization, as expected for a virus that replicates in the cell
cytoplasm, although NLSs were also anticipated to exist in the
ORF1 encoded polyprotein in both OCNV and CUNV (between the
FtsJ and RNA helicase domains). Also, highly probable sumoylation
sites were identiﬁed in the middle of the primary product of ORF1
(mostly in the FtsJ and helicase domains). Additionally, multiple
putative phosphorylation sites (including serine, threonine and
tyrosine) were identiﬁed in ORF1 protein, suggesting it may be
under post-translational control. Despite being a putative polypro-
tein, either ORF1 has a cryptic protease activity, or it relies on
unknown host-encoded proteases for its processing (in case it does
occur). Curiously, many plant RNA viruses include in their genomes
ORFs encoding putative polyproteins with methyltransferase/heli-
case/RdRp organization, including representatives of the Virgaviridae
(Adams et al., 2009), Alphaﬂexiviridae, and Betaﬂexiviridae families
(Morozov and Solovyev, 2003). The same holds true for the viral
genomes of cile- and blunerviruses (Melzer et al., 2012; Melzer et al.,
2013), although the ORF1 polyprotein encoded by these viruses
seems to present an additional cysteine protease domain, located
at the protein N-terminal half, between the methyltransferase and
helicase domains.
The multiple putative RNA-binding a.a. residues proposed to
reside at the N-terminus of ORF3 protein, for which a Nin–Cout
topology was suggested with several secondary structure prediction
tools, may indicate that it is involved in RNA binding, probably during
genome packaging. Although this deserves to be investigated, it is
worth mentioning the fact that its homologs have been associated
with cile-, higre-, and blunerviruses (Kuchibhatla et al., 2014), clearly
suggesting a close evolutionary relationship between negeviruses
and different taxa of plant-associated viruses, with different genomic
structures, host ranges and virion morphologies.
Ever since they were ﬁrst described in 2013 (Vasilakis et al., 2013),
several studies have systematically highlighted not only the genetic
diversity, but also the wide geographic dispersal, and unusual wide
host range of negeviruses (Ferreira et al., 2013; Vasilakis et al., 2013;
Auguste et al., 2014; Kallies et al., 2014; Nabeshima et al., 2014). The
experimental approach used in this study allowed the conﬁrmation of
these observations, by supporting the detection of Negev-like viruses
in four different species of mosquitoes (Oc. caspius, Cx. pipiens, Cx
theileri and Cx univittatus) collected in the south of Portugal. In spite of
the high degeneration that characterized most primers used, no
viruses with RdRp domains similar to those of the Loreto, Piura,
Ngewotan, Dezidougou, and Santana viruses could be identiﬁed.
However, the two negevirus-like full-length genomes analyzed (OCNV
and CUNV) besides presenting overall high sequence identity (both at
the nucleotide and, consequently, protein primary sequence level), also
share evident ancestry with Negev-like, Piura, and Ngewotan viruses,
as well as with the known strains of Loreto viruses, altogether forming
a monophyletic cluster that has been tentatively designated Nelorpi-
virus (Kallies et al., 2014). While the common ancestry of negeviruses
could be highlighted by the topology of phylogenetic trees based on
the analysis of alignments of the primary sequence of the RdRp
domain in ORF1 (Fig. 5B), their evolutionary history remains open to
speculation. This protein domain not only does seem to put these
viruses in the evolutionary path of different plant viruses' genomes,
but also links negeviruses with endogenous viral elements (EVE).
For reasons that are not yet clear (Holmes, 2011), EVE fre-
quently derive from the genomes of negative-sense RNA viruses,
although positive-sense RNA virus EVE have also been described
(Katzourakis and Gifford, 2010). In animals, EVE have been
detected not only in the genomes of vertebrates, but also in
insects, including mosquitoes, fruit ﬂies, bees, butterﬂies, ants,
wasps and silkworms (Cui and Holmes, 2012; Fort et al., 2012;
Crochu et al., 2004). Curiously, the EVE detected in invertebrate
genomes seem to be related with extant exogenous plant viruses,
including virga-, bluner- or cileviruses. While their fragmentary
nature suggests they may have invaded invertebrate genomes in a
distant past, the possibility that these EVE may derive from
currently undocumented viruses cannot be excluded (Cui and
Holmes, 2012). A common evolutionary path with plant viruses
is also possible in light of the fact that many plant viruses are
transmitted by insects, although it is also theoretically possible
that insect viruses (at least some of them) may jump from insects
to plants (Cui and Holmes, 2012). Whether negeviruses are plant
viruses or bona ﬁde insect viruses is, again, a moot point, although
the genome of negeviruses does not seem to encode a movement
protein, frequently associated with viruses that infect plants. It
also remains to be resolved what mechanism ensures the main-
tenance of negeviruses in nature. The attempts to infect mosqui-
toes with negeviruses by oral feeding have not been highly
productive, with success being dictated by the use of viral
preparations with high titers, which suggest that negevirus main-
tenance in the mosquito populations most probably involves
vertical and/or venereal transmission (Vasilakis et al., 2013). Then
again, as some ISF have already been shown to downregulate the
replication of heterologous ﬂaviviruses in insect cells (Hobson-
Peters et al., 2013; Kenney et al., 2014), the impact of the
replication of negeviruses on the ﬁtness and vector competence
of their mosquito hosts is also unknown, but surely deserves to be
analyzed.
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